Background Monitoring risk is often an important component of therapy. Some compounds require liver test (LT) monitoring, with the frequency detailed in the product label. Compliance with these instructions is generally unknown. Objective The goal of this short study was to describe LT compliance for compounds with monitoring recommended at 2-week intervals or more frequently in three US administrative claims databases. Methods The sample was drawn from three US claims databases during the period 1 January 2015 through 30 June 2018. This study examined nine compounds and five types of LTs. We looked at compounds in a published list of drugs requiring LTs at 2-week intervals or more frequently. Descriptive statistics about the days between tests were reported, as were the number and proportion of tests associated with each drug that met the recommended frequency. Results Compliance was < 33% with four drugs (ketoconazole, succimer, pentamidine, and felbamate) and > 60% with five drugs (oxaliplatin, rifampin, tolcapone, albendazole, and azathioprine). Among drugs with more than 1000 drug eras observed (all but succimer and tolcapone), LT compliance was highest for oxaliplatin (75.3%) and lowest for pentamidine (20.6%), with little difference in overall compliance by type of test (range 41-46). Conclusion Compliance with frequent LT monitoring differed for the drugs examined. Two strata were found: compliance > 60% (oxaliplatin, rifampin, tolcapone, albendazole, and azathioprine) and compliance 20-30% (ketoconazole, succimer, pentamidine, and felbamate). No drug reached 80% compliance.
Background
Drug-induced liver injury is a common reason for US FDAapproved compounds to be withdrawn from the market [1] . Monitoring risk is often an important component of therapy. One hallmark case of the importance of liver testing is troglitazone, a thiazolidinedione used in the treatment of type 2 diabetes mellitus introduced in the USA in 1997. Clinical trials reported some indications of adverse liver events, specifically elevated transaminase levels [2] . When the drug was first marketed, the label included no recommendations for liver test (LT) monitoring. As use of the drug increased, cases of acute liver failure became evident. In response, a series of letters to healthcare professionals were issued with increasing recommendations for liver enzyme monitoring. In 2000, troglitazone was removed from the market because of the number of cases of liver failure [2] . Graham et al. [3] showed that transaminase monitoring was "infrequently and irregularly performed", even with repeated letters to healthcare providers [4] .
On the other hand, not all drug-related LTs are as clinically useful as initially intended. In 2006, a report by the National Lipid Association's Statin Liver Safety Task Force recommended that LTs with statin use be reduced to a prestatin baseline and in cases in which they were clinically indicated for other reasons [5] . Otherwise, follow-up liver enzyme testing was not required after statin initiation. The report was updated in 2014, and the basic findings were the same: regular LT monitoring in patients receiving statins was unnecessary [6] .
Dusetzina et al. [7] reviewed the literature on the impact of FDA drug risk communications on medication, healthcare services use, and health outcomes. They concluded that some communications had a strong impact, whereas others had minimal or delayed effects on utilization or health behaviors. The authors suggested continued assessments of advisories and label changes [7] .
Some compounds require liver function monitoring, with testing frequency detailed in the product label. Physician compliance with these instructions is generally unknown. Several reports have considered compliance for specific compounds but little has been written about overall compliance rates [3, 10, 11] .
In some cases, compliance with recommended testing changes over time. The risk evaluation and mitigation strategy for bosentan, used in the treatment of pulmonary artery hypertension, includes a requirement of review of LTs before prescribing and monthly testing during therapy [8] . These authors examined claims records spanning more than 12 years and found that compliance was less than perfect, with 70% of patients having at least one LT. The compliance rate declined for those with 12 or more administrations of the drug. Compliance was > 90% for only about one in three patients receiving the drug [9] . Lapatinib is prescribed for breast cancer and other solid tumors; the label was changed to add LT monitoring. A claims-based study of physician adherence to recommended LT guidelines showed an increase in LTs after monitoring was added to the label [10] ; overall compliance following the addition was just over 80%. In another retrospective cohort study, compliance with recommended LT for patients with tuberculosis in Taiwan was examined in national health records. Newly diagnosed patients were categorized as completely, partially, or non-adherent. Compliance rates differed for patients with a history of liver disease or viral hepatitis or a prescriber with a specialty in chest, tuberculosis, or infectious disease [11] .
Objective
The objective of this study was to describe LT compliance for compounds with monitoring recommended at 2-week intervals or more frequently in three US claims databases. Compliance is defined by an LT both being ordered by a healthcare professional and administered to a patient.
Methods

Liver Testing Frequency
Our sampling frame for compounds was a published list of drugs requiring hepatic monitoring [12] . We included compounds requiring monitoring at 2-week intervals or more frequently. The drugs examined in this study and corresponding recommended LT frequencies can be found in Table 1 . Ketoconazole is an antifungal agent administered both topically and orally. Azathioprine, an immunosuppressive agent, is administered orally and by injection. Oxaliplatin, given by injection, is used to treat colorectal cancer. Rifampin is used most often to treat tuberculosis and is given orally. Pentamidine, administered via injection or inhalation, is an antimicrobial used to treat several infections, among them pneumocystis pneumonia in immunocompromised patients. Albendazole is used to treat a variety of parasitic worm infestations and is given orally. Felbamate, given orally as tablets or suspension, is an anticonvulsant. Succimer is administered orally to treat lead and other poisoning. Finally, tolcapone is given orally to treat Parkinson's disease. LT frequency was defined by days between LTs during a drug era, a period of inferred persistent drug exposure, during the defined study period (1 January 2015 to 30 June 2018). A drug era began with the first observed dispensing of a prescribed drug in the database and continued through the days supplied. A gap between dispensings of < 30 days was considered the same era. The observation for a drug used for a finite period reflected the duration of treatment.
Patient Sample
The sample was drawn from three large US administrative claims databases during the period 1 January 2015 through 30 June 2018, as follows: 
Compliance
Compliance was defined as the number and proportion of intervals in which the recommended frequency of testing was met divided by the total number of intervals with a test for a given drug. Test compliance is measured by observing a record of a test in the database. A test record is observed in the database when a provider orders the test and the patient completes the test. Compliance therefore is attributable to both the provider and the patient.
Since there are some differences between available datasets with respect to years available and patient characteristics, the detailed results were stratified by database. The detailed results can be found in the electronic supplementary material. Figure 1 shows an example drug era (i.e. duration of time it is inferred that a patient is exposed to a particular ingredient).
Most compounds have specific recommended administration windows. For example, the recommended testing for azathioprine is every 2 weeks for the first 4 weeks of administration. Our compliance definition is specific to the first 4 weeks of administration of the drug. Similarly, LTs for tolcapone are recommended every 2 weeks during the first year of administration. Our observation window for that drug ends after 365 days from the first exposure. In all cases, observation begins with the first administration of the drug in the database. 
Statistics
Our analyses used descriptive statistics, including the number of patients receiving the drug, the median and mean days between tests, standard deviation of the mean, and the minimum and maximum number of days between tests. Our metrics are the number and proportion of tests associated with each drug that meet the recommended frequency. We also reported testing rates by the individual types of LT.
Results
The drugs included in these analyses were azathioprine, ketoconazole, pentamidine, albendazole, felbamate, rifampin, succimer, oxaliplatin, and tolcapone. We did not include pemoline or tacrine because they were either discontinued in the USA or the definition of the drug era was not feasible. Table 1 shows which LTs are required and the recommended monitoring interval for each drug. Compliance rates were bimodal, with compliance rates < 33% for four drugs (ketoconazole, succimer, pentamidine, and felbamate) and > 60% for five drugs (oxaliplatin, tolcapone, rifampin, albendazole, and azathioprine) ( Table 2 ). Among drugs with more than 1000 drug eras observed (all but tolcapone and succimer), LT compliance was highest for oxaliplatin (75.3%) and lowest for pentadine (20.6%), with little difference in the overall compliance rate by type of test (range 41-46).
Discussion
In the three large US claims data sources we used, compliance with frequent LT monitoring differed for the drugs examined. There were two strata: compliance rates > 60% (oxaliplatin, tolcapone, rifampin, albendazole, and azathioprine) and between about 20 and 30% (ketoconazole, succimer, pentamidine, and felbamate). No drug met a compliance rate of 80%.
Compliance for drugs used for a finite period ranged widely (e.g., albendazole [66%], rifampin [67%], ketoconazole [32%], succimer [29%], and pentamidine [21%]), as it did for drugs with longer typical courses of treatment (Table 2 ). There was no apparent difference by duration of treatment or length of time on the market. All the drugs we examined had been on the market for at least 10 years.
The objective of this concise report was to examine compliance with recommended LTs in compounds with testing recommended at 2-week intervals or more frequently. It would be interesting to examine factors that might influence compliance, including patient comorbidities, indications, prescriber specialty, and patient demographics.
Understanding the motivations for higher LT compliance rates could potentially lead to the improvement of current programs or the design of new programs to increase LT monitoring where it is warranted for patient safety. The apparent bimodal distribution of compliance with testing is important for consideration in the marketing of new compounds. Not all recommended testing is done and, in some cases, is infrequently done.
This study had some limitations. Of note, LT data were incomplete in the three data sources, and the subset for whom the data were captured is not necessarily representative of the population for whom an LT has been ordered. The healthcare claims databases we used were likely not representative of anything beyond patients in the databases. A non-random subset of laboratories provides test results for inclusion in the databases; the subset of patients for whom values were present in the database was also non-random. As a result, the sample used in these analyses may have differed from the population of patients with LTs. Compliance rates could have been biased in either direction [13] .
Some insight into the process by which the databases are assembled might be helpful. Contracts for obtaining diagnostic measurement data were renewed annually. As a result, the sample of patients for whom laboratory measurement data were present varied over time. Patients continually enroll and disenroll from health insurance plans; the average length of time in the databases is generally about 2 years. It is likely we did not have a complete LT history for any given patient. We did, however, use all available data.
Individuals who lack or have insufficient medical insurance were underrepresented. IBM CCAE and Optum data only represented those who were commercially insured. Further, the IBM Medicaid data were only available for 11 states. 
Conclusions
The objective of this concise report was to examine compliance with recommended LTs in compounds with testing recommended at 2-week intervals or more frequently. We found a bimodal distribution, with compliance in four drugs < 33% and in five drugs 60-75%. None of the compounds we examined reached 80%. Tracking LT compliance and implementing programs to increase compliance with testing recommendations could improve patient outcomes.
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